Abstract-Magnetic resonance imaging (MRI) provides high-quality soft-tissue images of anatomical structures and radiation free imaging. The research community has focused on establishing new workflows, developing new technology, and creating robotic devices to change an MRI room from a solely diagnostic room to an interventional suite, where diagnosis and intervention can both be done in the same room. Closed bore MRI scanners provide limited access for interventional procedures using intraoperative imaging. MRI robots could improve access and procedure accuracy. Different research groups have focused on different technology aspects and anatomical structures. This paper presents the results of a systematic search of MRI robots for needle-based interventions. We report the most recent advances in the field, present relevant technologies, and discuss possible future advances. This survey shows that robotic-assisted MRI-guided prostate biopsy has received the most interest from the research community to date. Multiple successful clinical experiments have been reported in recent years that show great promise. However, in general the field of MRI robotic systems is still in the early stage. The continued development of these systems, along with partnerships with commercial vendors to bring this technology to market, is encouraged to create new and improved treatment opportunities for future patients.
INTRODUCTION
Magnetic resonance imaging (MRI) is a wellestablished diagnostic tool in medicine. MRI provides excellent soft-tissue images of anatomical structures.
Unlike computed tomography (CT) or fluoroscopy, MRI does not expose patients to ionizing radiation, which is especially important in the pediatric population.
MRI capabilities have improved in the past 10 years to enable needle-based interventions in a typical closed bore scanner. Using MRI, a physician can select a target and introduce a needle through the skin to targeted anatomical structures such as the joint space or nerve roots to inject contrast agent or pain medicine. The physician can also reach different internal organs, such as prostate, breast, liver, and brain to perform biopsy and to target cancerous lesions with needlebased ablation procedures to burn or freeze malignant cells.
The vast majority of diagnostic MRI scanners are closed bore scanners with bore diameters around 60 cm. Patient access in a closed-bore MRI scanner is challenging because working in the bore is ergonomically difficult due to the limited space available. Therefore, the patient needs to be moved in and out of the scanner for imaging and needle placement. Hand to eye registration based on 2D MR images is another characteristic of manual needle-based MRI-guided intervention. Therefore, MRI safe and MRI conditional robots have been introduced by the research community to improve access and procedure accuracy.
The high magnetic field present in the MRI environment, interaction with radiofrequency (RF) signals, and switching gradients are major challenges in developing MRI robots. In recent years, the research community has focused on establishing new workflows, developing new technology, and creating robotic devices to change an MRI room from a solely diagnostic room to an interventional suite, where diagnosis and intervention can both be done in the same room.
Different research groups have focused on different technology aspects and anatomical structures. This paper presents the results of a systematic search of MRI robots for needle-based interventions. We report the most recent advances in the field, present relevant technologies, and discuss possible future advances.
The term MRI-compatible was historically used to describe robots developed for the MRI environment, but it is no longer used and is now obsolete. Therefore in this paper we use the new terminology of ASTM standard F2503-13, as described in Section ''Technologies for MRI Robots and MRI-Guided Interventions'', where the terms MRI safe and MRI conditional are introduced. In this paper the term ''MRI robot'' is used to represent both MRI safe and MRI conditional robots.
METHODS
We used the Google Scholar database since it includes scholarly articles from a wide variety of sources in all fields of research, all languages, all countries, and over all time periods. A recent study estimated the size of Google Scholar at 100 million documents as of September 2014, which covers about 88% of all scholarly documents accessible on the Web in English. 40 We systematically searched Google scholar papers by title using the keywords in Dataset A. Then we applied a year range filter to limit the search range. We used the exclusion criteria listed in Dataset B to delete unrelated papers: A staff scientist, with 6 years of experience in MRI robotics, evaluated the search results to ensure all inclusion and exclusion criteria were applied properly. Figure 1 shows the search progress. The last comprehensive MRI review paper was published in 2007. 92 Therefore we focused in the time interval between 2008 and 2017 and found 307 papers. After applying the exclusion criteria in Dataset B, this number was reduced to 230 papers. For papers focused on prostate application we applied another filter (papers published in the last five years) to further limit the number of the papers. If there were multiple papers from the same research group, we focused on the most recent publications.
The remainder of the paper is organized as follows. In section ''MRI Robots Applications'', MRI robots is presented through the different applications areas. Section ''Technologies for MRI Robots and MRI-Guided Interventions'' focuses on technology components of MRI robots. Section ''Discussion and Conclusion'' discusses the progress in the field and the future of MRI robots.
MRI ROBOTS APPLICATIONS
MRI is the preferred imaging modality for evaluation of soft tissue since it provides excellent intrinsic soft tissue contrast and also avoids ionizing radiation. Some of the uses for MRI are investigation and diagnosis of 35 : (1) abnormalities of the brain and spinal cord, (2) tumors, cysts, and other abnormalities in various parts of the body, (3) injuries or abnormalities of the joints and spine, (4) structural heart defects, (5) diseases of the liver, kidney, and other abdominal organs, (6) pelvic pain in women, and (7) suspected uterine abnormalities in women undergoing evaluation for infertility. This paper focuses on some of the applications of interest to the robotic research community. In the following subsections, MRI robotic systems for needle-based interventions are discussed under four different topics: (1) prostate biopsy and brachytherapy, (2) brain biopsy and intervention, (3) breast cancer diagnosis and intervention, and (4) other MRI-guided needle-based interventions.
Prostate Biopsy and Brachytherapy
Prostate cancer is the most common male cancer and the second leading cause of cancer death in men in the U.S. 6 ; one-quarter of new cancer diagnoses in men are prostate cancer. 73 Siegel et al. estimated 220,800 new cases were diagnosed and almost 27,540 men died from prostate cancer in 2015. 73 The most common way of diagnosing prostate cancer is the transrectal ultrasound (TRUS)-guided prostate biopsy, where an ultrasound probe is placed in the rectum to provide visualization of the prostate to guide the needle placement. There is also the transperineal approach where needles are placed through the perineum (the area behind the scrotum and in front of the anus). A brachytherapy grid is placed over the perineum to allow accurate placement of the biopsy needle within the prostate, together with the use of an ultrasound probe to direct the urologist.
TRUS-guided prostate biopsy is relatively blind to the location of cancer in the prostate, leading to many men without clinically important cancers undergoing potentially unnecessary biopsy. In addition, TRUS provides relatively low quality images of the tissue and needle. Therefore, this method frequently fails to detect clinically significant prostate cancer. 1, 95 MR imaging can provide detailed images with better anatomical visualization of the soft tissues of the prostate and can be useful in diagnosis and staging of cancerous lesions. 34, 95 To improve upon this capacity, robotic devices have been developed to assist in targeting suspicious lesions using pre-operative MR images fused to ultrasound images (MRI-ultrasound fusion method) 12, 39 However, the prostate position could change in each subsequent MR imaging session, causing shift and error in fusion between ultrasound images and MR images. Interactive intraoperative MRI-guided prostate biopsy is an alternative method to the MRI-ultrasound fusion method, to eliminate errors associated with image registration and fusion. Manual needle-based targeting using intraoperative MR images is difficult due to the small confined space inside the MRI scanner and the need for hand to eye coordination of the interventionalist based on 2D MRI. Therefore, MRI robots have been introduced to enable intraoperative imaging guidance and automatic targeting. Table 1 reports selected robotic systems from the last 5 years. More than 25% of the 230 published papers between 2008 and 2017 are focused on the prostate, making it the most popular clinical application. Therefore, we only reported papers published in the last 5 years in this table. This table is organized based on the study type and publication year. For each paper, research team, study type (i.e. phantom study; animal study; and clinical study), accuracy, DOF, actuation type, control type, signal to noise ratio (SNR), design, and institute are indicated, where available. For multi-institutional projects only the first institute is depicted in the summary tables.
The earliest work for MRI-guided prostate intervention robots was performed at Brigham and Women's Hospital in collaboration with the Agency of Industrial Science and Technology/Ministry of International Trade and Industry (AIST-MITI, Ibaraki, Japan). 13 In this project, a robotic intervention assistant was constructed for open MRI to guide needles and probes during prostate biopsy and brachytherapy. Since a clinically significant tumor has > 0.5 mL volume, corresponding to a sphere with diameter 9.8 mm, an MRI guided biopsy system employing a targeting accuracy of 5 mm or better could reliably access clinically significant prostate cancer foci. 61 Since then, several different MRI robotic systems have been developed. However, only a few systems have reached clinical application. The first human trial using an intraoperative-MRI-guided robotic system was reported by Bosch et al. on one patient. 4 This system had 5 DOF of manually-adjustable passive motions and 1 DOF of pneumatically-driven automatic needle drive. During the needle insertion fast 2D images were generated to track the needle on-line. All fiducial gold markers were delivered inside the prostate successfully.
About the same time Xu et al. utilized the system developed in Ref. 44 to perform MRI-guided focal laser ablation in 21 patients with prostate cancer. A mean biopsy error of 4 mm with a standard deviation of 2 mm was achieved in this study. 97 Bo¨strom et al. reported an in-bore robotic MRI-guided laser ablation of prostate cancer with 3 mm accuracy and applied to two human subjects who were discharged home the same day. The ablation resulted in greater than 90% destruction of the target in either the immediate or 1 week post treatment scan. 5 Another group in the Netherlands 68 developed a 5-DOF pneumatically-actuated robotic system and tested it on 13 subjects. The mean biopsy error was larger when using the robotic technique versus manual technique (6.5 mm vs. 4.4 mm). Mean procedure and manipulation time were 76 min and 6 min, respectively using the robotic technique and 61 min and 8 min with the manual technique.
Srimathveeravalli et al. (Fig. 2) to complete an IRB-approved human trial. Five men with mean age of 66.4 years underwent biopsy with MrBot. A prior negative 12-core biopsy was reported for these patients. For 30 biopsy sites, a targeting accuracy of 2.55 mm, with no trajectory corrections and no unsuccessful attempts, was reported. All patients tolerated the procedure well. The result of biopsy for the first patient was false-negative due to use of semi-automated biopsy needle that resulted in large deformation of the needle and missing the lesion. For the next four patients, this needle was replaced with a fully automated biopsy needle and rotated 180 about its axis, near the midpoint of the insertion stroke, to compensate for the lateral deformation of the needle. Targeting attempts were successful for these cases. Biopsies showed the presence of a clinically significant cancer in 2 patients. The biopsy results for the other two patients revealed no clinically significant cancerous lesions.
Chen et al. 11 tested a 2 DOF pneumatic system in a canine cadaver study. They reported an accuracy of 0.9 mm with a standard deviation of 0.4 mm. Other research groups have been developing MRI robot for prostate cancer interventions that are in the phantom Hao et al. Figure 3 shows one of these systems called MIRIAM robot. 100 The MIRIAM robot is actuated by piezoelectric motors, while the needle insertion mechanism is actuated by a pneumatic motor.
Yiallouras et al. 99 developed a 3 DOF robot for manipulating a high-intensity focused ultrasound (HIFU) system to treat prostate cancer transrectally. HIFU is a method of delivering ultrasonic energy to generate heat to destroy cancerous lesions without damaging healthy tissues in the ablation region. 26 Unlike robotic-assisted radiation therapy using CyberKnife, 8 robotic-assisted HIFU provides a radiation-free method for lesion ablation. One major drawback of HIFU is its inability to reach regions where there are air cavities along the path of the beam, since ultrasound waves are dispersed and poorly transmitted in air. 56 
Brain Biopsy and Interventions
Brain related procedures include biopsy, injection of drugs, laser surgery, radiation treatment, and positioning of electrodes for deep brain stimulation. 51 Unlink prostate biopsy, due to the thick skull encompassing the human brain, the use of ultrasound imaging is limited in neurosurgery. CT imaging does not provide high contrast images of the soft tissue of the brain while it exposes the patient to ionizing radiation. MRI is also the most widely used imaging modality that can visualize both the function and structure of the brain.
There has been some development of needle intervention systems and even surgical robot systems for brain interventions. There are multiple commercially available passive MRI safe devices including NexFrame Ò (Medtronic, Inc, USA), 79 Visualase Ò (Medtronic, Inc, USA), 53 NeuroBlate Ò (Monteris Inc., USA), 60 and ClearPoint Ò (MRI Interventions, Inc., USA). 46 These devices can improve the targeting procedure in neurological procedures compared with conventional manual methods. However, they are passive devices and rely on the performance of the operator which leads to subjective accuracy of the system. In addition, manual adjustment of the position and orientation of the frame is non-intuitive and timeconsuming. 48 The non-MRI compatible NeuroMate robot (Renishaw Inc., UK) was used in a clinical study of 51 patients with an accuracy of 1.7 mm for DBS electrode placement using pre-operative MRI. Many cases required several insertion attempts and errors due to brain shift and only 37 of 50 targeting attempts were successful. 93 Using intraoperative MRI for locating the target point and using an MRI-compatible robotic needle guide can also minimize brain shift issues after opening the skull.
An MRI robot with automatic registration capability could provide repeatable and accurate positioning during neurosurgical procedures with minimal inter-surgeon variability. In addition, interactive MRIguided visualization of brain while advancing the probe toward the target lesion could increase accuracy and safety. Masamune et al. pioneered an 6 DOF stereotactic neurosurgical MRI robot. This robotic system was tested on a 0.5 Tesla Hitachi MRI scanner with accuracy of 3 mm on a watermelon. 51 Since then, different research groups focused on MRI robotic systems for neurosurgical procedures in the last ten years as shown in Table 2 .
Lang et al. 45 developed the NeuroArm robot driven by piezoelectric motors with dual dexterous arms for MR-guided stereotaxy and microsurgery. The end-effector was designed to hold various surgical devices such as micro scissors, bipolar forceps, a suction device, and needles. This system was used in 35 neurosurgical patients. The surgeons used a graded approach to introduce the NeuroArm into surgery, with routine dissection of the tumor-brain interface occurring over the last 15 cases. 87 Figure 4 shows the NeuroArm robot in an MRI room.
A finger-like neurosurgery robot was developed at the University of Maryland using shape-memory-alloy actuators. 33 This technology has a very limited bandwidth. 48 The same research group proposed a new design over their previous design 33 that uses a springbased backbone with three segments. These independently actuated segments are used instead of previously used rigid links to provide more maneuverability and compliant interface. Compressed air cooling is utilized to increase the actuation bandwidths. 41 Comber et al. 16 presented a pneumatically actuated robot for MRI-guided neurosurgery. The concentric tube structure of the robot resulted in inherent nonlinearity and control challenges. This robotic system was later adapted for treating epilepsy via thermal ablation 10 and for transforamenal hippocampotomy. 17 Li et al. 48 developed a 5 DOF robot plus a manual cannula guide for MRI-Guided Stereotactic Neurosurgery which is kinematically equivalent to a Leksell frame. The SNR was investigated in three configurations: (1) difference between baseline and robot present but unpowered, (2) difference between robot present but unpowered and robot powered, and (3) difference between robot powered and robot running. The mean SNR reductions from baseline for these configurations were 2.78, 6.30, and 13.64% for T1 weighted and 2.56, 8.02, and 12.54% for T2 weighted imaging, respectively. The tip position RMS error was 1.38 mm and angular error was 2.03°for the six targets. A new version of this robot was introduced in 63 which is shown in Fig. 5 . This research group has conducted new experiments recently to evaluate their system's accuracy and repeatability as a final step toward preclinical trials. 64 Heikkila et al. developed a 6 DOF robot for a 0.23 Tesla magnet. 32 The low magnetic field for the MRI scanner allowed the use of shielded servomotors in the MRI room. Su et al. modified a previously designed robotic system for a prostate biopsy procedure 74 to create a reconfigurable MRI-guided surgical manipulator adapted to neurosurgery applications. 84 
Breast Cancer Diagnosis and Intervention
Breast cancer is the most common cancer in women after lung cancer. 12.5% of women in the USA experiences breast cancer in their lifetime. In the USA alone, about 266,120 new breast cancer cases will be diagnosed in 2018. 96 Worldwide, nearly 1.7 million incidence of breast cancer were reported in 2012, and the incidence worldwide is increasing. 20 Mammography is the standard for breast cancer detection and diagnosis. Biopsy of suspicious masses is then done under ultrasound (US) or MRI guidance. Mammography exposes the patient to ionizing radiation. Therefore, women aged £ 30 s are not recommended to undergo regular mammogram screenings. In addition, only the shape and density of lesions could be detected by mammogram images, and not the tissue characteristics of the high-risk lesions. 66 Among imaging modalities, MRI is highly sensitive to breast cancer lesions. This imaging modality providesa detection rate around 90% and therefore is recommended for high-risk patients as a complementary approach to mammography, ultrasound, or palpation. 66 Currently, several MRI-guided free-hand or stereotactic devices have been developed for breast biopsy interventions. 47 These devices have several drawbacks. First, most of the devices provide breast compression along a specific direction, which may not be optimal since they often do not provide the shortest path to target. Second, in most of the devices the needle is guided using a grid mesh, and thus it can only be inserted perpendicular with a slight pitch with respect to the compression plates. 47 Third, for using these devices the patient is moved in and out of the magnet, to insert the biopsy needle and to obtain a confirmation scan. 47 To address these limitations of the currently available MRI safe biopsy devices, MRI robotic systems have been investigated by the research community.
The first robotic system for biopsy and therapy of breast lesions was introduced by Kaiser et al. 38 47 Since then, several new systems have been reported in the literature. MRI robotic systems developed in the last 10 years are listed in Table 3 . Yang et al. 98 used pneumatic cylinders to develop a masterslave breast biopsy robotic system to work in MRI. This system uses a 6 DOF robotic platform including a 1 DOF needle driver to perform a localization procedure for biopsy. Figure 6 shows the slave robot on an MRI scanner table. This robotic platform requires opening the breast coils toward the face.
Animal studies were done to test the overall system performance, but additional work is needed to move towards clinical application as noted by the authors.
The IGAR (Image-guided Automated Robot) is a robotic system developed by Chan et al. 7 for breast biopsy. The system was tested in air and accuracy and repeatability of 0.34 and 0.2 mm were reported. 7 Zhang et al. developed a palm-shape breast deformation device designed to actively reshape the breast and immobilize it for manual intervention. This device could be actuated inside the magnetic bore with image feedback. 101 Park et al. developed an automated bendable needle intervention robotic system for MRIguided breast biopsy to overcome the space limitation of the scanner bore. 66 This robotic system allows accessing the breast area from the side of a patient. Figure 7 shows a photograph of this robotic system and the setup. The surgeon picks a target point from the MR images and the robotic system calculates the needle's navigation, visualizes the needle path, and automatically drives the bendable needle in a curved FIGURE 5 . A Stereotactic neurosurgery MRI robot which is kinematically equivalent to a Leksell frame. 48 FIGURE 6. A master-slave MRI robot; slave robot is shown on an MRI scanner table. 98 trajectory to the target. Phantom studies showed 0.8 mm accuracy for locating the needle tip. 66 Although, several active research teams have developed MRI-guided robotic intervention systems for the breast, no clinical trial has been reported to the best of our knowledge.
Navarro-Alarcon et al. 62 developed an MRI compatible compact robot with (semi-) automatic needle driver. This system is developed to perform both frontal and lateral needle insertion inside the MRI bore. It also could be used to perform lateral automatic needle insertion in an open bore MRI (PICA Scanner developed by Time Medical). This system is a 3 DOF system. 2 degrees of freedom for aligning the needle guide toward the targeted lesion and 1 DOF for needle insertion. Initial positioning of the needle guide tip should be done manually using grids before switching to automatic mode. A robust feedback controller was suggested by the authors for pneumaticbased needle insertion motion. The phantom study showed ± 1.5 mm insertion accuracy for this system. Groenhuis et al. 31 developed a novel and compact 4 DOF robotic system using linear pneumatic stepper motors and a novel curved pneumatic stepped motors. In air accuracy study showed positional accuracy of 0.71, 0.2 and 0.21 mm accuracy in x, y and z directions. Zhang et al. 102 developed a 5 DOF MRI robot with 3 DOFs for the needle guide in x, y, and z directions. It has an extra DOF for avoiding the obstacles (grid plates) and one DOF for the puncturing module for inserting and withdrawing the needle. This robot has a storage module to collect biopsy samples. Forward and backward analysis and results for phantom study for smooth motion and accurate positioning of the robot has been reported in this paper.
Other MRI-Guided Needle-Based Interventions
Many CT-guided needle-based interventional procedures could be done under MRI to avoid ionizing radiation and provide better soft tissue contrast. Table 4 shows various robotic systems developed for MRI-guided needle-based intervention. The last column of the table indicates the application area. These systems are briefly discussed below.
While CT imaging is typically better for bone imaging, for biopsy of bone and adjacent soft tissue such as bone marrow and periosteum, MRI has some advantages. Bone infections and cancers are soft and conventional radiographs may appear normal, especially in the early course of disease. MRI is often used to aid in the diagnosis due to its improved soft tissue, marrow, and joint space resolution. 15 Monfaredi et al. 58, 59 developed a patient-mounted robot for shoulder arthrography as shown in Fig. 8 . Arthrography is the evaluation of joint condition using imaging modalities. Currently, this test requires two separate stages, an intra-articular contrast injection guided by fluoroscopy or ultrasound followed by an MRI. The manual nature of needle placement can lead to increased cost, anxiety, and in some cases prolonged sedation time. This patient-mounted robot could streamline the workflow from a two-room procedure to an MRI-room only procedure. Kim et al. 42 developed a new generation of their previous patient- mounted robot using parallel architecture that initially aimed for shoulder Arthrography. This robot also has 4 DOFs for positioning and orienting the needle guide. Two identical circular stages are placed on top of each other as a sandwich platform to provide a 4 DOF robot. This new design provides increased rigidity, and lower moment of inertia due to non-moving components attached to the base. In this design motors and encoders are attached to the base and motor and encoder cables are fixed resulting in less interference of the cables with the robot.
Stoianovici et al. 81 developed an MRI robot for bone biopsy as shown in Fig. 9 . A phantom study showed an average 2D targeting error of 1.25 mm and an average 3D error of 1.39 mm. The standard deviation was 0.39 mm for 2D and 0.40 mm for 3D. Squires et al. Recently, a non-survival study on eight swine using an Innomotion system, a general percutaneous intervention robot developed by Melzer et al., 54 was conducted to show the feasibility of interactive MRI-guided transcatheter aortic valve replacement. 55 Previously, Li et al. 49 also utilized an Innomotion system with an embedded 3 DoF valve delivery module for MRI-guided insertion of aortic valve prostheses. The physician uses interactive control and MRI feedback to adjust the orientation and position of balloon and stented prostheses with accuracy of 1.5 and 0.8 mm, respectively.
Only in the U.S., 1,059,000 new case of cardiac catheterizations are performed annually. Percutaneous transluminal catheter procedures conventionally rely on fluoroscopic X-ray. Exposing both patients and staff to radiation, low tissue contrast, 2-D projections of the anatomical site interactively, and difficulty of hand to eye coordination are some of the limitations of conventional approach. Tavallaei et al. 88 developed a 2 DOF master-slave catheter navigation system to facilitate intraoperative MRI-guided catheterization procedures.
Franco et al. 24, 25 developed a pneumatically actuated table-mounted robotic system to assist clinicians in MRI-guided liver tumor ablation and to assess liver functionality in a clinical setting. This robotic system underwent two clinical studies with promising outcomes. Percutaneous ablation of liver tumors using a catheter has been tested under MRI guidance. Phantom experiments suggested potential time saving while using this needle-guiding MRI robot to be 30 min for single-lesion liver ablation procedures.
TECHNOLOGIES FOR MRI ROBOTS AND MRI-GUIDED INTERVENTIONS
The high magnetic field present in the MRI environment, interaction with radiofrequency (RF) signals, and switching gradients are major challenges in developing MRI equipment. A great deal of precaution is therefore required when working in the MRI environment. The standard F2503-13 of the American Society of Testing and Materials (ASTM) categorizes devices in the MRI environment to three different classes from a safety perspective 2 : (1) MR Safe: an item that poses no known hazards resulting from exposure to any MR environment, (2) MR Conditional: The device when used in a specified MR environment with specified conditions of use poses no known hazards to the patient or medical team, and (3) MR-Unsafe: an item which poses unacceptable risks to the patient, medical staff or other persons within the MR environment. Figure 10 shows the standard icons for labeling of equipment in the MRI environment.
Nonmagnetic materials, MRI safe/conditional actuators, optical encoders, and force sensors are key elements of robotic systems for the MRI environment. 35% of the publications focused on technology in general, meaning that no specific application was highlighted as the primary goal of the study. In this section, different technology components for MRI robots are discussed, including MRI safe/conditional materials, actuators, and force sensing, along with registration techniques and shielding issues.
MRI Safe/Conditional Materials
Ferromagnetic materials have to be avoided entirely in the MRI room because they cause image artifacts FIGURE 9 . A 2 DOF pneumatic MRI robot for bone biopsy. 62 and distortion due to field inhomogeneity, and they pose a dangerous projectile risk to the patient and medical team. Non-ferromagnetic metals such as aluminum, brass, titanium, high strength plastic, and composite materials are compatible with MRI environment. However, the use of any conductive materials in the vicinity of the scanner's isocenter must be limited because of inducing eddy currents, deforming the magnetic field homogeneity, and as a result imposing noise and artifacts to MR images. Electrical systems must be properly shielded and filtered, to limit noise emission. While designing the system more considerations should also be taken to avoid resonance and heating. 21 From a risk point of view, eddy currents may heat up the materials, posing a danger to the patient. Therefore, all cables that come in direct contact with patient's skin should be covered. For materials that come in direct contact with the patient's tissue or needle, such as a needle-guide, they should be constructed from certified biocompatible material (ISO-10993). Techniques for evaluation and quantification of force and torque applied by MRI machine to MRI robots could be found here. 72 
MRI Safe/Conditional Actuators
The choice of a proper actuator and drive system is a main challenge while designing a robot for MRI environment. In addition to MRI compatibility criteria, this choice depends largely on the task, required output power, maximum force, speed, and acceleration as in a traditional design. 28 To date, a wide variety of non-magnetic motors have been introduced that are MR safe or MRI conditional. 21 Gassert et al. 28 investigated different types of actuation options for the MRI environment and discussed advantages and limitations. There are 5 main types of actuators that could be used in MRI environment 28 : (1) mechanical actuation and transmissions, (2) pneumatic actuators, (3) hydraulic actuators, (4) electric actuators (including piezoelectric/ultrasonic actuators, electrostatic actuators, electro-active and Ion conducting polymers, and electrorheological fluid brakes), and (5) electromagnetic actuators (including lorentz actuators/magnetomechanical vibrotactile devices, and shielded DC motor). In addition, an investigation into the MRI compatibility of different actuators during an fMRI study was reported in Ref. 27 . Fischer et al. 23 investigated the three most common type of actuators from an image quality point of view.
Our literature review shows that piezoelectric/ultrasound motors and pneumatic actuators are the most popular actuation types in MRI systems built to date. Recently, shape memory alloy (SMA) technology also has been adapted to develop robotic systems for MRI environment. 33 Chen et al. 9 developed a 5 DOF robotic system using novel pneumatic motors. Each motor consist of a rotor with conical holes and multiple pistons with conical tip and one-third phase difference. Vartholomeos et al. 94 developed MRIpowered actuation technology. In this novel approach, the MRI scanner is used to deliver power. It also could be used to estimate actuator state and to perform closed-loop control. MRI-powered actuators proposed by Ouchi et al. 65 utilize the gradient switching magnetic field of MRI room to actuate the system. All parts of this MRI-powered actuator are non-magnetic except for the sphere embedded in the rotor. The pendulum movement of the ferromagnetic rotor is converted to translation, generating linear motion.
MRI Safe/Conditional Position Sensors and Force Sensors
Fiber optic based position and force sensors have been developed that are compatible with the MRI environment. Optical encoders are typically used to read and transmit the relative position of rotary shafts or linear stages. Fiber Bragg grating sensors can be used to read and transmit external force and torques which are proportional to deformations in a force/torque sensor. 57 Multiple off-the-shelf optical encoders are available for developing MRI robots. Signals should be transmitted through shielded, twisted pair cables to the encoder interface. 48 Extra In air shielding for the embedded electronic board of these encoders can reduce the noise-induced drop. 69 To the best of our knowledge, there is no commercial MRI safe or MRI conditional force sensor available in the market. However, a review paper covering custommade MRI safe or MRI conditional force sensors has been published recently. 85 This paper focused on fiberoptic based force sensors for interventional applications and rehabilitation devices.
Electronic Equipment Shielding
The American College of Radiology has defined four safety zones within MRI facilities corresponding to levels of increasing magnetic field exposure and safety concerns, denoted as Zones I through IV. 71 Zone I refers to all areas freely accessible to the general public without supervision. Zone II is the interface area between the unregulated Zone I and the strictly controlled Zones III and IV considered for MR safety screening. Zone III is an area near the magnet room where the fringe, gradient, or RF magnetic fields are very strong and unscreened patients and personnel are not allowed in this zoon. However, unshielded electronics and devices are allowed in Zone III. Zone IV is the MRI scanner room and any of ferromagnetic objects must be excluded from this room. This room is heavily shielded and separated from Zone III by a patch panel.
Any electrical communication between Zone III and Zone IV should go through the patch panel. The patch panel is a metal shielded panel, typically made out of copper, for routing electrical signals. The patch panel usually incorporates at least one waveguide (metal tubes) for routing fiber optic cables, pressure tubes, and other non-conductive cabling. Poor shielding of robots with electric wires in the MRI scanner room results in MRI image degradation and SNR drop while the robot is powered. All motor drivers and other essential electronics in the scanner room should be placed inside a Faraday cage with proper non-ferromagnetic metal connecters to seal the enclosure box. The SNR drop while powering and running piezoelectric motors could potentially be improved with special drivers and additional shielding. 22 
Registration Methods and MRI Robot System Evaluation
Accurate targeting during MRI-guided procedures requires precise calibration and registration of the robot's coordinate system with the MRI coordinate system. Different registration techniques using both active and passive fiducials have been proposed 44, 91 Active fiducial-based registration is associated with higher accuracy and faster registration. However, it requires special scanner programming, and dedicated scanner channels. Using an image-based passive registration approach, expensive coil and dedicated scanner channels are not required. Shang et al. 70 presented a multi-image based passive registration method, known as Z-frame registration. The fiducial frame represents a cube with 7 embedded MR visible tube fiducials (Beekley, Bristol, CT) in a Z-shape arrangement. This method provides better accuracy compared to single-image based registrations.
An automatic calibration method was presented by Tokuda et al. 89 using the Z-frame approach. This method automatically identifies fiducial markers without operator intervetion. The design of user interface and workflow management were based on clinical workflow analysis of MRI-guided prostate intervention that consists of three subsystems: (a) Needle placement robot controller, (b) Closed-bore MRI scanner's control software, and (c) 3D slicer as an open-source surgical navigation software (3D Slicer, h ttp://www.slicer.org) 29, 89 3D Slicer as the core component of the software system, creates an integrated environment for calibration, surgical planning, image guidance and device monitoring and control. A software module in 3D Slicer was also created to offer all required features for MR-guided robotic needle-based interventions. 91 Stoianovici et al. 80 proposed a comprehensive set of tests to evaluate the MRI robotic systems synthesized based on international standards, their experience building MRI robots, and inputs from the FDA approval process of an MRI safe robot.
DISCUSSION AND CONCLUSION
MRI has some unique characteristics for imageguided interventions, including excellent soft tissue contrast, no ionizing radiation, the ability to study brain activity with functional MRI, and accurate detection, characterization, and staging of cancerous lesions using multi-parametric MRI. MRI technology continues to advance and is changing from a solely diagnostic tool to both a diagnostic and an interventional tool. MRI can be used during needle-based interventions to track the needle tip interactively and to acquire continuous visual feedback of the path and depth of needle insertion. To make MRI-guided procedures more accurate, MRI robots have been introduced to use intraoperative MR images for automatic needle-based targeting.
Although there have been substantial efforts to develop MRI robotic systems by the research community, translation to clinical practice has been slow.
While there are many reasons for the slow pace of this translation, two major reasons are technical challenges and limited market demand. The research community has been working to solve the technical challenges and to develop new workflows for different applications as described in this review article. Researchers, especially in the university environment, would benefit from more access to the clinical environment and access to MRI facilities for technology evaluation purposes. They also need to be aware of regulatory aspects of medical research to facilitate translating research concepts to clinical practice.
As for market demand, many CT-guided needlebased interventional producers could be performed with MRI guidance to avoid ionizing radiation and improve visualization. However, MRI is relatively expensive compared with other imaging modalities. Therefore, interventional procedures that require preoperative MRI as part of the current workflow may be good candidates for intraoperative MRI-guided robotic interventions. Minimizing the time of the procedure in the MRI room is critical for realization of this technology and therefore workflow should be taken into account when developing an MRI robots.
Robotic-assisted MRI-guided prostate biopsy has received the most interest from the research community to date. In recent years, successful clinical experiments have been reported. However in general the field of MRI robotic systems is still in the early stage. It may still take time to overcome skepticism toward MRI robots because of the complexity of the devices and the currently unclear robotic procedure efficacy and value. As an example, the commercially available da Vinci robotic system was designed to facilitate complex surgery using a minimally invasive approach. Although this robotic system struggled initially to gain market share, by strategically pivoting from the initial cardiac application to prostatectomy, it gained remarkable momentum commercial success. As of 2016, there was an installed base of 3803 da Vinci robotic units worldwide, with 2501 installed in the United States. 36 By providing surgeons with superior visualization, enhanced dexterity, greater precision, and ergonomic comfort, the da Vinci Surgical System has started a new era in robotic-assisted surgery.
As technology continues to advance, the idea of the digital operating room including robotic systems comes closer to realization. In that sense the robotic system could be considered an ''information appliance'' and part of the digital platform of the operating room of the future.
14 MRI robots could be part of this picture by enabling radiation free procedures with interactive imaging and superior soft tissue visualization.
With the increasing adoption of scanners with higher strength fields, the spatial resolution of the scanner and the imaging quality increases and the MR imaging time decreases. Shorter imaging sequences, along with faster segmentation techniques, registration algorithms, and streamlined setup could shorten the total procedure time and provide more cost-effective MRI-guided robot-assisted interventions, potentially leading to increased technology adaptation. Multiparametric MRI is an emerging imaging modality for diagnosis, staging, characterization, and treatment planning of prostate cancer. These techniques could minimize the need for biopsy and shift the focus from performing biopsy procedures under MRI toward ablation procedures under MRI 30, 67 Magnetic resonance guided robotic-assisted focus ultrasound enables noninvasive ablation procedures. It could also be combined with local drug delivery for tumor ablation in the future. 52 New systems with wider bores would provide more space for MRI robots. Stronger magnets will justify shifting toward purely pneumatic actuators to minimize the artifact induced by the stronger magnetic fields. Body coils and table coils with better signal reception could eliminate the need for coil positioned on the patient to free up this space for body-mounted or table-mounted MRI robots. Although in-bore treatments can improve the targeting and ablation accuracy, the increased costs associated with MRI-guided intervention is a drawback. Therefore, it will be important to minimize intervention time. Using MRI robots, especially in multi-target tumor biopsy and ablation, could significantly reduce the time, since after one time setup and robot to scanner registration, multiple targeting could be performed in a short period of time. Therefore the continued development of these systems, along with partnerships with commercial vendors to bring this technology to market, is encouraged to create new and improved treatment opportunities for future patients.
